described [21] . Freshly isolated cells were cultured at high cell a All primary antibodies used in this report were polyclonal antibodies unless otherwise specified. It is noted that all antibodies obtained commercially cross-reacted with the corresponding rat proteins. Results of RT-PCR using total RNA isolated from Sertoli (SC) and germ cells (GC) to assess the steady-state mRNA level of CAR. DNA size marker is on the left (bp, base pair). Each lane represents Sertoli cell or germ cell RNA extracted from a separate batch of cells. D, day. (B) A single prominent band corresponding to the apparent Mr of CAR at 46 kDa was detected on the immunoblot using Sertoli cell lysate (100 μg protein), illustrating the specificity of this antibody. DF, dye-front. (C) Protein extracts of Sertoli cells (from 20-day-old rats), germ cells (from 90-day-old rats) and seminiferous tubules (from 90-day-old rats) were analyzed by immunoblotting, using a rabbit anti-CAR (H-300, Santa Cruz) polyclonal antibody. The same blot was probed with β-actin to confirm equal protein loading. Protein lysate of rat brain (from 20-day-old rats) was loaded onto the same gel, serving as positive control. D, day. (D) Bar graph summarizes results of three sets of immunoblots using different batches of lysates from Sertoli and germ cells and seminiferous tubules (ST). D, day. The level of CAR in germ cells was arbitrarily set at 1 against which 1-way ANOVA was performed. *P < 0.01.
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214 Millicell (Millipore Corp) electrical resistance system. Briefly, 215 current was passed through the epithelial monolayer between 216 two silver-silver chloride electrodes. Resistance was calcu-217 lated from the change in ohm (Ω) across the monolayer 218 induced by a short (∼ 2 s) 20-μA pulse of current. The 219 resistance was multiplied by the surface area of the filter to 220 yield the area resistance in Ω cm 2 . The net value of electrical 221 resistance was then computed by subtracting the background, rat testes were stained using a rabbit anti-CAR polyclonal antibody. Signal was detected at the basal compartment of the epithelium in virtually all stages of the epithelial cycle. However, strongest staining was found at the apical ectoplasmic specialization in stage VIII tubules. (B) Magnified view of the boxed area "a" in A, showing CAR staining at the basal compartment, which is consistent with its localization at the blood-testis barrier. (C-D) Corresponding to boxed area (i) and (ii). Sickle-shaped CAR staining was concentrated at site of apical ES in stage VIII seminiferous tubules, where elongated spermatids anchor onto Sertoli cells in the epithelium. CAR staining was also found at the site of blood-testis barrier. (E) Localization of CAR by immunofluorescent staining. Sections were incubated with a rabbit anti-CAR, to be followed by a donkey anti-rabbit IgG-Cy3 conjugate. Cell nuclei were visualized by DAPI staining. Merged image of CAR and DAPI staining identified CAR at the apical and round spermatids. (F) Control experiment in which testis sections were stained with normal rabbit IgG at the same dilution as the primary antibody shown in A-E. Scale bar = 100 μm in A, which also applies to F. Scale bar = 50 μm in B. Scale bar = 15 μm in C, which also applies to D and E. 228 Immunofluorescent microscopy 229 Frozen cross sections of testes (∼6 μm) obtained in a cryostat 230 were mounted on poly-L-lysine-coated slides, fixed with 231 Bouin's fixative and permeabilized with 0.2% Triton X-100 232 for 5 min. Sections are then washed with PBS and blocked with 233 10% normal goat or donkey serum for 1 h. This is followed by 234 incubation with primary antibodies overnight at room tem-235 perature (see Table 2 for working dilutions). Slides were 236 washed in PBS before incubation with secondary antibodies 237 conjugated with FITC (green) or Cy3 (red). Sections were 238 mounted in Vectashield Hardset with 4′,6′-diamino-2-pheny-239 lindole (DAPI) (Vector Laboratories, Burlingame, CA). Fluores-240 cent micrographs were acquired by using an Olympus BX40 241 microscope (Olympus Corp., Melville, NY) equipped with 242 Olympus UPlanF1 fluorescent optics and an Olympus DP70 243 12.5 MPa digital camera. Sections were also stained with 244 normal rabbit, mouse or goat IgG as negative controls. For cell 245 staining, Sertoli cells were cultured for 2 to 3 days at 246 0.1 × 10 6 cells/cm 2 on Lab-Tek® Chamber Slide™ Systems 247 (Nalgene Nunc International) before fixation with Bouin's 248 solution and immunofluorescent microscopy was performed 249 as detailed above. To eliminate inter-experimental variations, 250 all samples within an experimental group were processed 251 simultaneously by mounting 2-3 cross sections per slide. 252 Several slides were processed in parallel. Immunohistochem-253 istry studies were handled with the same practice. Table 2 ), which 293 yielded virtually identical results.
Fig. 3 -Changes in CAR expression in rat testes during testicular maturation. (A) Immunofluorescent staining of CAR (H-300)
was performed on frozen sections of rat testes of different ages: 15-(a-d), 25-(e-h), and 60-day-old rats (i-l) vs. adult rat kidney (body weight, 300 g) (m-p). A mouse antibody against ZO-1 conjugated with FITC (green fluorescence) was used to localize the blood-testis barrier. Sections were then incubated with a donkey anti-rabbit Cy3-conjugated antibody to visualize CAR (red fluorescence). (m-p): Cross-section of frozen rat kidney was included to demonstrate the specificity of CAR staining. Signals of CAR staining co-localized with ZO-1 to tight junctions in the collecting tubules of rat kidney. At 15 days, when blood-testis barrier was absent and only spermatogonia were found in the seminiferous tubules, CAR staining was detected at the Sertoli-Sertoli and Sertoli-germ cell interface, surrounding cell nuclei. At day 25, CAR staining was observed to be co-localizing with ZO-1 to the newly formed blood-testis barrier, along with staining surrounding the acrosome region of late round spermatids. At day 60, when the rat testis matured with complete cycles of spermatogenesis, CAR staining were found at germ cells of all stages, yet the signals were most intense in early stage VIII tubules, where elongated spermatids anchor their heads to Sertoli cells in the epithelium. Signals were also detected at the blood-testis barrier, but not of the same intensity compared to those at the apical ectoplasmic specialization. Scale bar = 25 μm in (a), which also applies to (b-d) and (m-p). Scale bar = 50 μm in (e), which also applies to (f-l). (B) Immunohistochemical localization of CAR in the seminiferous epithelium was performed on frozen sections of testes from rats of different ages: 15-(a-c), 20-(d-f), 25-day-old rats (g-i); a, d, g are negative controls using normal rabbit IgG for each sample group. Scale bar = 50 μm in (b), which also applies to (e, h) and upper-right corner of (a, d, g). Scale bar = 25 μm in (a), which also applies to (c, d, f, g, i). (C) Immunoblot of CAR using testis lysates from rats of different ages. Brain lysate of 20-day-old rats served as a positive control. Bar graph summarizes results of three sets of immunoblots using separate batches of testis lysate preparation. The level of CAR in testes from 90-day-old rats was arbitrarily set at 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
295 About 400 μg of proteins from testis or Sertoli cell lysates were 296 used for IP. Sertoli cells were cultured alone for 4 days at 297 0.5 × 10 6 cells/cm 2 on Matrigel-coated dishes with established 298 functional tight and anchoring junctions that mimicked the in 299 vivo cellular physiology and morphology as earlier reported [23] 300 prior to their used for lysate preparation. Testis or Sertoli cell 301 lysates were first pretreated with 2 μg of rabbit or mouse IgG for 302 approximately 1 h, followed by incubation with 10 μL Protein A/ 303 G-PLUS agarose (Santa Cruz, CA) for 2 h to eliminate non-304 specific binding of protein with IgG or agarose. After spinning 305 down the agarose beads, supernatants were collected into new 306 tubes for IP. 2 μg of primary antibody was added to this 307 supernatant and incubated overnight. In negative controls, 308 mouse or rabbit IgG of equivalent amount were applied in 
-CAR localize at cell-cell contacts of Sertoli cells. Sertoli cells were cultured at low density (1 × 10 5 cells/cm 2 ) for 3 days before staining. Areas of co-localization appear as orange. Immunofluorescent micrograph demonstrates that CAR was heavily concentrated at inter-Sertoli tight junctions, though staining occasionally was also seen close to the nucleus. (A) Cells were incubated with a rabbit anti-CAR polyclonal IgG as primary antibody, followed by a goat anti-rabbit CY3-conjugated secondary antibody. A mouse anti-ZO-1 FITC conjugate was used to locate inter-Sertoli tight junctions. (B) Cells were incubated with a rabbit anti-CAR (H-300) polyclonal antibody, along with a mouse anti-N-cadherin monoclonal antibody. N-Cadherin is a known component of the inter-Sertoli cell junctions at the blood-testis barrier. Scale bar = 20 μm in A, which also applies to B. This experiment was repeated at least 4 times over a period of 18 months using different batches of Sertoli cells where cultures were terminated on either day 2 (n = 2) or day 3 (n = 2), and similar results were obtained for all experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
325 herein to avoid results of protein-protein association between 326 CAR and other peripheral proteins that were derived from cells 327 in the interstitium (e.g., Leydig cells, macrophages, endothelial 328 cells in microvessels) and the tunica propria (e.g., peritubular 329 myoid cells, lymphatic cells).
330 Statistical analysis 331 Statistical analysis was performed using one-way ANOVA 332 using the GB-STAT Statistical Analysis Software package 333 (Version 7.0, Dynamic Microsystems, Inc., Silver Spring, MD).
335 Results

CAR is a product of both Sertoli and germ cells in rat testes
337 In order to examine the presence of CAR in normal rat testes, 338 we performed RT-PCR with total RNA extracted from Sertoli 339 cells and germ cells. These cell preparations were contami-340 nated with a negligible number of other cells as described in 341 Materials and methods. S16 was co-amplified in all experi-342 ments to confirm the correct composition of each reaction 343 mixture and the quality of mRNA. As the two isoforms of CAR 344 vary only at the cytoplasmic C-terminus, we designed a pair of 345 primers that flanked a large region in the extracellular 346 domain. As shown in Fig. 1A , sharp bands of expected size 347 (531 bp) were detected in both Sertoli and germ cells. This PCR 348 product was confirmed by direct nucleotide sequencing at 349 Genewiz (North Brunswick, NJ). Each of the three lanes of 350 Sertoli and germ cells in Fig. 1A represents RNA sample 351 prepared from separate batches of cells. 352
To test whether CAR is translated into a functional protein 353 in the testis, we carried out immunoblot analysis. As CAR is 354 most abundantly expressed in rat brains at the early develop-355 ment stage [7], brain lysate from 20-day-old rats was included 356 as a positive control. When the immunoblot of Sertoli cell 357 lysate was probed with a rabbit anti-CAR (H-300) polyclonal 358 antibody, only one single prominent band was detected at 359 46 kDa ( Fig. 1B) , illustrating the specificity of the antibody. We 360 also examined the expression level of CAR in different cellular 361 fractions of the testis as shown in Fig. 1C . In comparison to 362 germ cells, Sertoli cells expressed a much higher level of CAR, 363 which contributed substantially to the amount of CAR protein 364 detected in lysates of rat seminiferous tubules. Fig. 1D is a 365 histogram representing densitometrically scanned results of 366 Fig. 1C , showing that the abundance of CAR in Sertoli cells is 367 approximately 6 times that of germ cells.
368 Localization of CAR in the seminiferous epithelium of adult rat 369 testes 370 Immunohistochemistry was used to examine the distribution 371 pattern of CAR in adult rat testes ( Fig. 2A) . Fig. 2B is a magnified 372 view of boxed area (a) in Fig. 2A , whereas Figs. 2C and D 373 correspond to boxed area (i) and (ii), respectively. CAR was seen 374 to be concentrated at the sites of apical ectoplasmic specializa-375 tion of stage VIII seminiferous tubules, where elongated 376 spermatids anchor onto Sertoli cells before spermatogenesis. 377 Immunoreactive signals were discernible on round spermatids 
456
In addition, protein lysates of rat testes of different ages 457 were analyzed by immunoblot (Fig. 3C ). As shown in the bar 458 chart (Figs. 3C, b) , expression of CAR in rat testes was relatively 459 high in neonatal rats and possibly being used to construct the 460 blood-testis barrier at approximately 16 to 18 days of age.
461
Overall, the CAR steady-state protein level in rat testes 462 declined remarkably in adulthood. However, in comparison 463 to other organs such as the brain, heart or muscle, where CAR 464 level dropped by more than 100-fold after maturation, the drop 465 in CAR protein level we observed in the testes is not as drastic.
466
CAR is localized at inter-Sertoli cell junctions in vitro (i-iv) Magnified views of individual germ cells at different development stages: (i) spermatocyte, (ii) round spermatid, (iii) elongate spermatid (steps 17-18), (iv) elongating spermatid (steps 9-10). Scale bar = 5 μm in (i), which also applies to (ii-iv). (C) Immunofluorescent micrographs of a stage VIII seminiferous tubule. CAR (red) was stained with a rabbit anti-CAR (H-300) polyclonal antibody and espin (green) was stained with a mouse anti-espin monoclonal antibody. Merged image (c) shows that CAR and espin were co-localized to the apical ES site in the seminiferous epithelium. Scale bar = 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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527 elongating and elongate spermatids at a relative ratio similar 528 to that of germs cells found in the seminiferous epithelium in 529 vivo [24] . Germ cells were plated onto poly-L-lysine-coated 530 coverslips and permeabilized with 0.1% Triton X-100. Data 531 shown in Fig. 6B illustrated the presence of CAR in spermato-532 cytes (i), round spermatids (ii), elongating spermatids (iv) and 533 elongate spermatids (iii). In round spermatids, CAR staining 534 appears to be at the site of early acrosome. In elongate and 535 elongating spermatids, immunoreactive signals are concen-536 trated at the convex surface of spermatid heads, which is the 537 site of late acrosome as well as the apical ectoplasmic 538 specialization (Figs. 6B, a, b , c and i-iv). A micrograph from 539 transillumination microscopy was presented in Figs. 6B, b to 540 show the morphology of germ cells.
541 CAR co-localized with espin at the apical ectoplasmic 542 specialization (apical ES) 543 CAR has previously been localized to the acrosome in mature 544 spermatozoa of mice and human [18] . Since acrosome/ 545 acrosomal membrane and plasma membrane at the apical 546 ES are intimately associated structures, it is not known if the 547 findings reported above (e.g., Figs. 2 and 3) represent the 548 localization of CAR at the apical ES. In order to define the 549 precise ultrastructural location of CAR on germ cells, 550 immunogold electron microscopy studies were performed at 551 the Rockefeller University Bio-imaging Resource Center. 552 However, we encountered technical difficulties with both 553 antibodies (Table 2) . We then turned to fluorescent micro-554 scopy using double staining technique to assess the co-555 localization of CAR with espin at the apical ES in the 556 seminiferous epithelium in adult rat testes (Fig. 6C) . Espin is 557 a known protein marker of ectoplasmic specialization (for a 558 review, see [33] ) contributed by Sertoli cells (Fig. 6C ). Red 559 fluorescence signals of CAR (Figs. 6C, a) appeared to co-560 localize with the green fluorescence signals from espin (Figs. 561 6C, b) near the luminal edge of the seminiferous epithelium 562 in a stage VIII tubule, where elongate spermatids anchored 563 onto Sertoli cells before spermatogenesis (Figs. 6C, c, d) . Due 564 to the limited resolution of immunofluorescent imaging, data 565 from this study are still not sufficient to distinguish between 566 the two locations (i.e. the plasma membrane and the 567 acrosome/acrosomal membrane). It is possible that CAR is 568 expressed on both sites, namely the acrosome membrane 569 and the apical ES structure. From immunohistochemistry and 570 immunofluorescence studies on testes from 15-day-old rats, 571 we observed that CAR staining surrounding the nuclei of 572 spermatogonia and Sertoli cells (Figs. 3A-B) . In 15-day-old 573 rats, only spermatogonia were present in the seminiferous 574 epithelium of pups. Considering that spermatogonia are non-575 polarized stem cells without acrosome structures, significant 576 CAR staining surrounding the nuclei of spermatogonia favors 577 the notion that CAR is present on the plasma membrane of 578 germ cells. Fig. 8 -Association between CAR and different adaptors and kinases in Sertoli cells cultured in vitro. Sertoli cells were cultured for 4 days at 0.5 × 10 6 cells/cm 2 that permitted the establishment of functional tight and anchoring junctions, which also mimicked the functional physiology and morphology of Sertoli cells in vivo, prior to their use for lysate preparation. (A) Co-IP experiments revealed the interaction between CAR and Src kinase in Sertoli cell lysates. 500 μg of Sertoli cell lysates were prepared and immunoprecipitated with rabbit monoclonal antibody towards Src kinase family. The immunocomplexes were then subject to immunoblot analysis and incubated with a mouse anti-CAR monoclonal antibody. Rabbit anti-CAR polyclonal antibody and normal rabbit IgG were also used as precipitating antibodies for the Co-IP experiments, serving as a positive and negative control, respectively. "Rb" stands for rabbit. (B) A single prominent band corresponding to the apparent Mr of Src family protein kinase at 60 kDa was detected on the immunoblot using Sertoli cell lysate (100 μg protein), demonstrating the specificity of the antibody. (C) Immunofluorescent staining reveals the co-localization of CAR with c-Src. Sertoli cells were cultured at low density (0.1 × 10 6 cells/cm 2 ) for 3 days prior to use for fluorescent microscopy. Cells were incubated with a rabbit anti-CAR polyclonal IgG and a mouse anti-c-Src monoclonal IgG as primary antibody, followed by a donkey anti-rabbit CY3 (red fluorescence)-conjugated secondary antibody (a) and a donkey anti-mouse FITC (green fluorescence)-conjugated secondary antibody (b). Both proteins were seen to reside at cell-cell interface (a, b). Nuclei were visualized by DAPI staining (c). Areas of co-localization appear as orange (d). Scale bar = 30 μm in a, which applies to b-d. (D-E) Aside from Src, we also performed co-IP studies with antibodies against other adaptors and protein kinase. In the blot shown in D, the immunocomplexes were subject to immunoblot analysis and incubated with a mouse anti-CAR monoclonal antibody. Lysates from Sertoli cells were loaded onto the same gel to illustrate the specificity of the antibody and served as positive control (+ve Ctrl). (E) Tabulated co-IP results using different antibodies against protein adaptors and kinases present in Sertoli cells. Antibodies that failed to pull down CAR were also listed here. The immunocomplexes were separated by SDS-PAGE and probed with different CAR antibodies in immunoblots. The results shown here have been repeated three times using different batches of Sertoli cell cultures. "+", positive co-IP result; "−", negative co-IP result. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
786 direct or indirect interaction between CAR and vinculin 787 require further investigation. 788
In summary, our study revealed the presence of CAR in rat 789 Sertoli cells and its localization at intercellular junctions. We 790 also identified CAR on isolated germ cells, including sperma-791 togonia spermatocytes, round spermatids and elongate sper-792 matids. The multifaceted nature of this protein was best 793 manifested by its localization at the blood-testis barrier of the 794 Sertoli-Sertoli cell interface as well as the apical ectoplasmic 795 specialization at the Sertoli-germ cell interface. This suggests 796 that CAR not only serves to maintain inter-Sertoli cell 797 junctional barrier but could also be acting in concert with 798 other protein complexes to facilitate germ cell movement at 799 the Sertoli-germ cell interface. It is possible that the same 800 receptor utilized by viral pathogens to breakthrough the 801 epithelial barrier was also employed by germ cells to migrate 802 through the seminiferous epithelium during spermatogenesis.
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Our data from immunoprecipitation and TNFα treatment of 
822
Finberg, Isolation of a common receptor for coxsackie B Fig. 8 (continued ) . 18 E X P E R I M E N T A L C E L L R E S E A R C H X X ( 2 0 0 7 ) X X X -X X X
ARTICLE IN PRESS
